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ABSTRACT
Previous researchers have hypothesized that water flow during ventilation is both
continuous and unidirectional in fishes. In data collected on hedgehog skates (Summers
and Ferry-Graham, 2001), the water flow was observed to periodically reverse to a
posterior-to-anterior direction in both the oropharyngeal cavity and the parabranchial
cavities. The change in flow direction was referred to as a flow reversal. In the present
study, High-speed video endoscopy was used to determine whether flow reversals occur
in a teleost fish, Cyprinus carpio (Cyprinidae) , during ventilation. Sonomicrometry,
pressure transducers, and flow probes were also utilized to determine the cause o f the
flow reversals and whether water is able to flow across the gill arches in a posterior-toanterior direction during a flow reversal. The results indicate that flow reversals do occur
consistently during ventilation and are caused by an expansion o f volume in the anterior
oropharyngeal cavity. The data collected also suggest that the potential for water flow
across the gill arches in a posterior-to-anterior direction does exist due to the fact that
during the flow reversal the gill arches are abducted and the pressure in the opercular
cavity is greater than that in the oropharyngeal cavity. These results have implications for
fluid dynamic models o f ventilation in teleost fishes.
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INTRODUCTION

The biomechanics o f the ventilatory cycle in fishes have been described over the
past forty years as creating a continuous unidirectional flow o f water across the gills. This
was described as occurring due to a pressure-pump phase, when water is 'pushed' over the
gills by an increase in pressure in the oropharyngeal cavity, and a suction-pump phase,
when water is 'pulled' over the gills by a decrease in pressure in the parabranchial/
opercular cavities. These two phases occur at alternating times in the ventilatory cycle
presumably enabling water to flow continuously and unidirectionally in an anterior-toposterior direction (Hughes, 1965).
However, recent studies on ventilation kinematics in hedgehog skates (Leucoraja

erinacea) concluded that bi-directional flow in the oro-pharyngeal and parabranchial
cavities does occur in the ventilatory cycle and that the original two-stage model as
proposed by Hughes (1965) needs revision in regards to elasmobranch ventilatory modes
(Summers and Ferry-Graham, 2001). Studies on carp (Cyprinus carpio) using high-speed
video endoscopy while suspension feeding also revealed a flow reversal, described as a
posterior-to-anterior flow, associated with each feeding pump in the oro-pharyngeal
cavity (Callan and Sanderson, 2003). This may mean that water is flowing in a posteriorto-anterior direction across the gill filaments during ventilatory reversals. The flow of
water across the gill filaments would then be concurrent with the blood flow as opposed
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to the more efficient counter-current system for oxygen uptake. If the water flow is
concurrent with blood flow, gas exchange models as well as fluid-dynamic models will
need to be revised.
In the present study, we establish that flow reversals occur consistently in the
oropharyngeal cavity o f a teleost fish during ventilation. We then focus on two major
questions: (1) What is the cause o f a flow reversal? (2) Could flow reversals include a
posterior-to-anterior flow across the gill arches from the opercular cavities into the
oropharyngeal cavity? This is the first study to combine endoscopic observations o f water
flow inside the oropharyngeal and opercular cavities, flow speed measurements in the
oropharyngeal cavity, and oropharyngeal and opercular pressure measurements with
sonomicrometric measurements o f gill arch movement.
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CHAPTER 1
METHODOLOGY

Cyprinus carpio L. (carp, 32.0 - 37.5 cm standard length) were obtained from a
local aquaculture company and maintained on a pellet diet while being held in a 630 liter
aquarium at room temperature (21 °C). One set of experiments performed on 3 carp
specimens involved synchronized high-speed external video, fiberoptic endoscopy,
sonomicrometry, and an oropharyngeal or opercular pressure transducer. A second set o f
experiments performed on 3 different carp specimens involved high-speed external video
synchronized with a combination o f either fiberoptic endoscopy and an oropharyngeal
pressure transducer, oropharyngeal and opercular pressure transducers, or a flow probe
and an oropharyngeal or opercular pressure transducer. All three combinations were
utilized for each o f the three carp specimens in the second set o f experiments.
Each specimen was anesthetized with MS-222 (100 - 200 mg/liter), and
polyethylene cannulas (45 cm long, 2.15 mm i d., 3.25 mm o.d., Intramedic PE 280) were
inserted into the oropharyngeal cavity and the opercular cavity through holes drilled in
the left or right preopercular bone and opercular bones respectively. A flange
(approximately 1 mm wide) around the circumference o f one end o f the cannula lay flush
against the tissue o f the cavity, preventing the cannula from being pulled through the
hole. The cannulas fit tightly into the drilled holes, eliminating the passage o f water
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through the hole around the cannula. The external part o f the cannula was then threaded
through a second flanged polyethylene cannula (2.5 cm long, 3.76 mm i d., 4.82 mm o.d.,
Intramedic PE 360) to prevent the cannula from slipping back into the cavity. A small
neoprene rubber pad (0.8 cm x 0.8 cm) was placed between the second flange and the
skin to reduce irritation. A third hole was drilled in the preopercular bone o f 3 carp to
allow the sonomicrometry wires to exit from the oropharyngeal cavity. The wires almost
completely filled the hole, preventing water flow through the hole. The piezoelectric
crystals (1 mm diameter) were attached to the first arch, the second arch, and the
suspensorium with 6.0 polypropylene sutures and then secured with Vetbond adhesive.
The fish was then placed in a 35 liter aquarium with a minimal amount o f MS-222 (< 50
mg/liter), allowing the fish to move its pectoral fins and caudal fin slightly. At the
conclusion o f the experiment, the cannulas were removed while the fish was anesthetized.
All insertion sites healed completely.
Within an hour o f cannula insertion, a flexible fiberoptic endoscope (Olympus
ultrathin fiberscope type 14, 1.4 mm o.d., 1.2 m working length, 75° field o f view, 0.2 5 .0 cm depth o f field) was threaded down the cannula to the oropharyngeal cavity. The
endoscope was attached to a Kodak Intensified Imager VSG (125 to 500 frames/s). A
high-intensity light source (Olympus Helioid ALS-6250, 250W) provided light to the
endoscope. A Kodak Ektapro Hi-Spec Motion Analyzer 1012/2 with split-screen imaging
was used to record external views o f the oral jaws simultaneously with the endoscopic
views. A Sony EVO-9700 Hi-8 video player/recorder with a jog shuttle was used for
frame-by-frame analysis o f the videotapes.
Millar Mikro-tip catheter pressure transducers (SPC-330A) were threaded down
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the cannulas to the oropharyngeal and/or opercular cavities. The pressure transducers
were connected to an A/D convertor (Sonometrics TRX-4) with a sampling rate o f 200
Hz. During each experiment in the second set, a glass bead thermistor (1.09 mm
diameter) was inserted through the cannulas into the oropharyngeal and opercular
cavities. The flow probe was calibrated from 0 to 185 cm/s in a flume with a calibrated
speed controller and was temperature-compensated from 19.5 to 29.7 °C. The flow probe
was attached to a circuit modified from that o f LaBarbera and Vogel (1976), which was
in turn connected to an A/D convertor (Sonometrics TRX-4) with a sampling rate o f 200
Hz. Signals at frequencies up to 100 Hz were easily discernible. A TTL-compatible
trigger signal connected to the Kodak Ektapro Hi-Spec Motion Analyzer 1012/2 and the
Sonometrics A/D convertor was used to synchronize the endoscopic and external
videotapes with the data from the pressure transducers, flow probe, and piezoelectric
crystals. The signals from the trigger, pressure transducers, flow probe, and piezoelectric
crystals were recorded simultaneously and displayed by a Pentium computer.
Data on direction o f water movement, both internal and external, were collected
during ventilation by using brine shrimp cysts as tracer particles (Artemia sp., 255 ± 1 5
pm, mean ± S.D., range 210-300 pm; Sanderson et al., 1998). The brine shrimp cysts
could be seen clearly in both the endoscopic and external views. The duration o f a
ventilatory cycle was measured as the time between the endoscopic frame in which
anterior-to-posterior movement o f the cysts began to the last frame in which posterior-toanterior movement occurred. The duration o f a flow reversal was measured as the time
between the endoscopic frame in which posterior-to-anterior movement o f the cysts
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began and the last frame in which that posterior-to-anterior movement occurred (Callan
and Sanderson, 2003). The beginning o f oral jaw opening was defined as the time when
the brine shrimp cysts were first observed entering the anterior oropharyngeal cavity in
the external videotape. After the pattern had been established between flow reversals,
opercular pressure, and external video, the endoscope was replaced with a second
pressure transducer to measure the pressure differential between the oropharyngeal and
opercular cavities. To determine the pressure that resulted from the water depth at the
insertion site o f each cannula, a pressure recording was made while the transducer was
held parallel to the cannula at the location where the cannula entered the fish. This
baseline value was then subtracted from the pressure values which were recorded through
that cannula during that experiment. This procedure corrected for the lower opercular
pressures that resulted from the generally greater height o f the opercular cannula insertion
site compared to the oropharyngeal cannula insertion site.
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CHAPTER 2
RESULTS

From the preopercular insertion site, the endoscope entered the oropharyngeal
cavity approximately 5.0 cm posterior to the oral jaws in the carp. The ceratobranchials
o f arches I-III could be seen clearly.
All o f the ventilatory cycles that were recorded included a flow reversal. In 20
consecutive flow reversals performed by each o f three carp specimens during ventilation,
the flow reversal duration was 110 ± 29 ms (all times reported are mean ± S.D., N=3
individuals). The mean ventilatory cycle duration was 581 ± 8 0 ms.
Records of the oropharyngeal and opercular pressures were analyzed for 10
ventilatory cycles performed by each o f three specimens. The pressure traces nearly
mirrored each other with the opercular trace following the oropharyngeal trace by a delay
o f 24 ± 9 ms at the beginning o f the pressure drop and a delay o f 38 ± 13 ms at the end of
the decrease in pressure (Fig. 1, Table 1). The flow reversal started 46 ± 11 ms after the
pressure decrease began in the oropharyngeal cavity and continued through most o f the
subsequent decrease in pressure (Fig. 1). At 51 ± 23 ms after the beginning o f the
decrease in oropharyngeal pressure, the pressure in the oropharyngeal cavity became
more negative than the pressure in the opercular cavity for a duration o f 150 ± 44 ms
(Fig. 2, Table 1).
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The maximum pressure differential when the oropharyngeal cavity pressure was
lower than the opercular cavity pressure was 0.41 ± 0 .1 7 mmHg (mean ± S.D., N=3
individuals). To investigate whether this maximum pressure differential could be
associated with a posterior-to-anterior flow between the abducting gill arches, the
distance between the abducting gill arches was determined at the midpoint o f the flow
reversal duration (e.g., Point A on Fig. 3), which coincided with the maximum pressure
differential (Fig. 2). These measurements were recorded for 10 reversals in each o f three
specimens.
The pressure differential between the oropharyngeal and opercular cavities was
then calculated during anterior-to-posterior flow through the adducting gill arches at the
time when the distance between the adducting arches was equal to the distance between
the abducting arches described above (e.g., Point B on Fig. 3). At this time, which
occurred 135 ± 15 ms prior to the start o f the flow reversal, the pressure in the
oropharyngeal cavity was greater than that in the opercular cavity by 0.45 ± 0.38 mmHg.
The flow reversal data were also synchronized with sonomicrometric traces
collected during 20 consecutive flow reversals by each o f three specimens. The flow
reversals started at 2 ± 6 ms after the maximum adduction o f the gill arches (Fig. 3). This
was corroborated by high-speed endoscopy observations during which the branchial
basket expanded at the beginning o f each flow reversal. In external videos synchronized
with 20 flow reversals for each o f 3 specimens, a delay o f 27 ± 9 ms was observed
between the oral jaws' first opening and the start o f the flow reversal.
Flow speed in the oropharyngeal cavity was recorded synchronously with
opercular cavity pressure. Since thermistor flow probes respond to changes in flow speed
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but do not record the directionality o f the flow, the speed trace had two distinct peaks
(Fig. 4). For 10 ventilatory cycles recorded in each o f three individuals, the maximum
speed o f the lower peak was 3.4 ± 1.1 cm/s and occurred at 20 ± 50 ms after the opercular
pressure started to decline. This lower peak coincided with the flow reversal as observed
in the endoscopic videotapes. The maximum speed o f the second peak was 9.2 ± 0.6
cm/sec and occurred at 10 + 40 ms after the opercular pressure ceased to decline.
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CHAPTER 3
DISCUSSION AND CONCLUSION

The flow reversals and entire ventilatory cycle in this study had a substantially
longer duration than those described during filter feeding in Cyprinus carpio (Callan and
Sanderson, 2003). Feeding is often considered to be just an exaggeration o f ventilatory
movements (Ferry-Graham, 1999). Therefore, ventilation flow is expected to have slower
speeds than during filter feeding.
During ventilation, the start o f the flow reversal occurred when the branchial
basket and oropharyngeal cavity started to expand. This expansion decreased the pressure
inside the oropharyngeal cavity with respect to the ambient water pressure and the
opercular cavity pressure. The external video was used to observe that particles were
flowing into the oropharyngeal cavity from the region anterior o f the oral jaws during the
reversal. At this time, the pressure in the oropharyngeal cavity was lower than both the
ambient pressure and the pressure in the opercular cavities, causing water not only to
flow in from the oral jaws but also to potentially reverse from the opercular cavities
between the gill arches and into the oropharyngeal cavity. The flow reversal that was
observed in a posterior-to-anterior direction ceased when the water flowing in from the
oral jaws returned the flow to an anterior-to-posterior direction in the endoscopic view.
A large increase in suspended particle density inside the oropharyngeal cavity
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when the oral jaws first opened marked the beginning o f the anterior-to-posterior flow.
This flow continued through the endoscopic field of view into the expanding
oropharyngeal cavity until the pressure in the opercular cavities dropped below that o f the
oropharyngeal cavity, allowing for flow between the abducting gill arches in an anteriorto-posterior direction. The oral jaws then closed and the pressure in the oropharyngeal
cavity began to increase. Finally, the oropharyngeal cavity volume began to decrease as
the gill arches adducted. This action forced the water out o f the oropharyngeal cavity
until a minimal volume in the oropharyngeal cavity was achieved and the gill arches were
maximally adducted.
In Callan and Sanderson (2003), reversals were referred to as occurring at the end
o f the filter-feeding cycle. However, our use o f sonomicrometry and pressure transducers
synchronized with high-speed endoscopy in the current study demonstrates that the flow
reversal is associated with the biomechanics that occur during the beginning o f a
ventilatory cycle rather than the end. We hypothesize that these biomechanical processes
also cause flow reversals to occur at the beginning rather than the end o f filter-feeding
pumps (Table 1).
The flow reversal described in hedgehog skates by Summers and Ferry-Graham
(2001) began very similarly to that observed in the current study. Both started as the
opercular/parabranchial pressure decreased and the gill bars were abducting. The oral
jaws were also opening during both reversals. However, the hedgehog skates had a
second negative peak in the pressure differential long after the flow reversal in the carp
ended. This resulted from an increase in the parabranchial pressure as the gill bars were
adducting. The second peak ended when the mouth and spiracle began to close (Summers
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and Ferry-Graham, 2001).
Using an endoscope implanted in the parabranchial chamber o f hedgehog skates,
Summers and Ferry-Graham (2001) observed particles flow reversals between the
primary lamellae. On rare occasions during our study, particles were observed through
the endoscope to appear from between the gill arches during posterior-to-anterior flow.
However, it was impossible to determine with certainty if these particles were traveling
from the opercular cavities or had simply been trapped between the arches. Prior to the
flow reversal, endoscopy was also performed in the opercular cavities to determine
whether reversals could be seen across the primary lamellae, but the opercular cavities
contain such a small volume o f water during ventilation that the few particles entering
into the field o f view were insufficient to visualize the flow adequately.
The flow speed in the oropharyngeal cavity was recorded simultaneously with
opercular pressure. The lower flow speed peak o f the ventilatory cycle represents the
maximum flow speed during a flow reversal (Fig. 4). The beginning and end o f the flow
reversal that was recorded by the flow probe occurred less than 6ms before that recorded
by the endoscope. The higher peak represents the maximum flow speed during the
anterior-to-posterior flow (Fig. 4). The trace o f this anterior-to-posterior flow melds with
that o f the subsequent flow reversal due to the rapidity o f change in flow direction and
the resulting flow deceleration and acceleration. Since the flow speed slows very quickly
between the anterior-to-posterior flow and the flow reversal at the beginning o f the next
ventilatory cycle, the flow probe is unable to record the entire deceleration period.
The extent o f gill arch abduction during flow reversals is comparable to that
occurring during portions o f the ventilatory cycle when anterior-to-posterior flow occurs
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(Fig. 3). In addition, the pressure differential between the oropharyngeal and opercular
cavities during flow reversals is o f similar absolute magnitude to that recorded during
portions of the ventilatory cycle when anterior-to-posterior flow occurs between the gill
arches (Fig. 4). Since (1) the gill arches are abducted a similar distance during flow
reversals compared with anterior-to-posterior flow and (2) the pressure differential
driving water between the gill arches is also similar, water may flow in a posterior-toanterior direction between the gill arches during flow reversals, just as water flows in an
anterior-to-posterior direction between the gill arches during the remainder o f the
ventilatory cycle. However, the gill filaments may present a higher resistance to flow
between the arches in a posterior-to-anterior direction than in an anterior-to-posterior
direction. Even if this is the case, there should still be a pressure differential across the
primary lamellae during a flow reversal since the filaments would be acting as a barrier to
water flow. As modeled by Malte (1989), a reversal in the pressure gradient during
ventilation is predicted to result in backflow at the level o f the secondary lamellae. This
means that at the level o f the secondary lamellae the flow would be reversed to be
concurrent with the blood. Also, while negative pressure in the oropharyngeal cavity
relative to the opercular cavities does not necessarily mean that a flow reversal across the
gill arches has occurred, the water has, at the very least, ceased to flow across the gills in
an anterior-to-posterior direction (Summers and Ferry-Graham, 2001). Since the duration
o f the pressure differential is recorded in carp is 150 ± 44 ms, water flow is not moving in
an anterior-to-posterior direction across the gill arches or fdaments for approximately
20% o f the total ventilatory cycle.
Flow reversals have significant implications for gas transfer models in teleost fish.

15

The disruption o f the counter-current gas exchange system in the gills has the potential
for a substantial impact on oxygen uptake efficiency. The disruption also raises questions
on the origin and persistence o f this feature o f the ventilatory cycle. Are flow reversals an
avoidable consequence of the kinematics and biomechanics during ventilation. Do flow
reversals increase overall efficiency by disrupting the boundary layer o f relatively
stagnant water over the gill filaments? There is a need for more studies involving new
flow and gas transfer models, as well as studies to determine if flow reversals change in
duration or speed when the fish is under stress, e.g., in water with low oxygen availability
or high particle densities. Such studies will aid in determining the effects o f flow
reversals on ventilation.
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APPENDIX
FIGURE LEGENDS

FIGURE 1.

Oropharyngeal cavity pressure (top) and opercular cavity pressure (bottom)

recorded simultaneously during ventilation. The blackened area corresponds to
the duration o f the flow reversal, as observed in simultaneous endoscopic
videotapes.

FIGURE 2.

A sample differential pressure trace derived from the oropharyngeal

pressure minus the opercular pressure. The flow reversal duration, as observed in
endoscopic videotapes, is delineated by the blackened area.

FIGURE 3.

Simultaneous recordings o f gill arch separation and opercular pressure. The

blackened area corresponds to the duration o f the flow reversal, as observed in
simultaneous endoscopic videotapes. Point A represents the time on the
sonometric trace that corresponds with the flow reversal midpoint. Point B
represents the point on the sonometric trace when the gill arches are the same
distance apart as at Point A, but during anterior-to-posterior flow.

FIGURE 4.

Simultaneous recordings o f the opercular pressure and the flow speed in the

oropharyngeal cavity. The blackened area corresponds to the duration o f the flow
reversal, as observed in endoscopic videotapes.
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